may be a mechanism for generating new synaptic contacts (Engert and Bonhoeffer, 1999; Toni et al., 1999).
Figure 1. Loops of Futsch Immunoreactivity Are Observed within a Subset of Synaptic Boutons at Muscle 4 (A1) mAb 22C10 (anti-Futsch) reveals a core cytoskeleton within the axon that is continuous with the nerve terminal. Two type 1b axons innervate muscle 4 and arborize in opposite directions from the site of muscle contact (asterisk). Cytoskeletal loops identified by Futsch immunoreactivity (22C10) are observed at a subset of boutons (arrows) and are always observed at end-terminal boutons (see inset
)
Drosophila neuromuscular synapse. Synaptic microtu-
for Futsch and the synaptic plasma membrane protein bule loops are subsynaptic specializations that identify DAP160 (dynamin-associated protein 160; Roos and unique boutons within the Drosophila neuromuscular Kelly, 1999) do not show overlapping staining. Rather, synapse. We provide evidence that synaptic microtuFutsch is a discrete core of staining just inside the bule loops are stabilized by Futsch. We provide further plasma membrane as defined by DAP160 ( Figure 1C ). evidence that loops are associated with stable synaptic Further evidence that Futsch colocalizes with microtuboutons, while the dispersion or destruction of these bules is presented below. loops is associated with boutons undergoing division or Examination of Futsch staining at the nerve terminal sprouting. These synaptic microtubule loops are highly using deconvolution confocal microscopy reveals perireminiscent of microtubule loops present within the odic loop structures within a subset of synaptic boutons growth cone, implying a fundamental similarity between (loops are present within 24% Ϯ 3% of boutons at the the mechanisms of growth cone motility and the mechawild-type synapse on muscles 6 and 7 and 22% Ϯ 3% nisms of synaptic growth and branching.
of boutons at muscle 4; Figures 1A and 1B, arrows). These loops appear at stereotypic locations within the synapse at every abdominal muscle, though for the purResults pose of visualization, we have focused our analysis on muscle 4. Futsch-positive loops are present within all Futsch Identifies Unique Cytoskeletal Structures types of synaptic boutons, including type 1b, type 1s, at Select Synaptic Boutons and type II (see Keshishian et al., 1996 for bouton-type At the Drosophila NMJ, Futsch protein is associated definition). We have restricted our analysis to type 1b with a cytoskeletal core within the synaptic terminal boutons. that is continuous with the axonal cytoskeleton. This Synaptic microtubule loops are highly enriched at cytoskeletal core is composed of multiple fibers, consispoints of nerve-terminal branching ‫%09ف(‬ of observed tent with Futsch binding the microtubule cytoskeleton branchpoints include a loop), and loops are always presof the axon and nerve terminal ( Figures 1A and 1B) . ent within the terminal bouton(s) at the end of each chain Futsch is localized close to but below the nerve-terminal plasma membrane. Synaptic terminals double stained of synaptic boutons ( Figure 1A , arrows and inset). The absence of loops at some branchpoints may reflect our defined by synaptotagmin staining. Futsch-positive loops often extend beyond the anti-syt staining in the x and inability to visualize these structures perfectly within every synapse. Microtubule loops are not present at y dimension, indicating that the loop is closer to the plasma membrane than are diffuse synaptic vesicles in the sites of muscle innervation where the axon initiates contact with the muscle surface. In Figures 1A and 1B, some areas of the bouton. two axons, both originating from the segmental nerve, form type 1b terminals at muscle 4. These axons reach muscle 4 and migrate on the muscle surface in opposite Microtubules Are Present within Synaptic Cytoskeletal Loops directions (Figures 1A and 1B ; an asterisk marks the site where these two axons separate on the muscle surface).
We have followed the localization of microtubules at the third instar synapse by visualizing tubulin (antitubulin The site of innervation is not a branchpoint but rather is the site of muscle innervation, and no loops are presimmunoreactivity) or by following the localization of neuronally overexpressed tau-GFP (Callahan and Thomas, ent. This morphology was consistently observed. Figure 3A ).
1994; Ito et al., 1997). Futsch colocalizes with synaptic microtubules as identified by anti-␣-tubulin (

Cytoskeletal Loops Define the Lateral Margin
Colocalization is observed throughout the axon and synof Select Synaptic Boutons apse and always occurs at microtubule loops. Near per-3D reconstructions of synaptic boutons that contain fect colocalization of Futsch and tubulin persists even Futsch-positive loops, double stained with antisynaptowhen the microtubule organization is disrupted in hypotagmin (anti-syt; vesicle protein) to delineate the boundmorphic Futsch mutations (see below), implying an asary of the synaptic bouton, demonstrate that these sociation of Futsch with the microtubules ( Figure 3B ). structures are indeed loops rather than an artifact of Note that there is no immunoreactivity of Futsch with confocal sectioning through a spherical structure (Fig- muscle microtubules, demonstrating that there is not ure 2). Nerve terminals were double stained for antiantibody cross-reactivity in these double-staining exFutsch (22C10) and anti-syt, and optical sections were periments. Overexpressed tau-GFP also colocalizes taken through the z plane of the nerve terminal of muscle with Futsch in synaptic cytoskeletal loop structures (Fig-4 at 0.1 m sections. Select synaptic boutons containing ure 3C, arrows). Tau-GFP appears more diffuse in some loop structures were serially reconstructed using Deltaareas than anti-Futsch (22C10). However, the same Vision deconvolution algorithms. Following reconstrucqualitative difference is observed in the axon, and we tion, loop-containing synaptic boutons can be rotated believe that this is an artifact of tau-GFP overexpression. in three dimensions, demonstrating that the Futsch These data are consistent with Futsch being associated staining is a loop that traverses the widest diameter of with the microtubule cytoskeleton as suggested by in the synaptic bouton and is entirely contained within the top and bottom (z plane) boundaries of the bouton as vitro data (Hummel et al., 2000) . ; flexin/24B-GAL4 larvae. Thus, normal at microtubule-based loops and is a mechanism of synfutsch expression is necessary for the increased loop aptic growth, we have taken advantage of a genetic formation and increased branching observed when background that increases the number of microtubule flexin is overexpressed in muscle. loops at the synapse. flexin is a novel Drosophila muscle protein (N. N. and G. W. D., unpublished data) . OverexDiscussion pression of flexin in muscle during postembryonic development causes a dramatic increase in nerve-terminal
We have analyzed the role of a novel Drosophila gene, branching (Figure 7; N. N. and G. W. D., unpublished futsch, at the larval neuromuscular synapse. We demondata). There is a two-fold increase in the occurrence strate that futsch is necessary for the organization of of microtubule loops at flexin overexpressing synapses microtubules within the nerve terminal. We further dem- (Figure 7 ; 50% Ϯ 4% of boutons contain a loop at flexin onstrate that futsch is necessary for normal synaptic overexpressing synapses as compared to 22% Ϯ 6% development, implicating a Futsch-dependent regulaat wild-type synapses). This correlates with an approxition of the microtubule cytoskeleton in this processes. mate two-fold increase in nerve-terminal branch formaFutsch may be particularly important for regulating the tion (N. N. and G. W. D., unpublished data) . Thus, flexin formation and stability of microtubule loops within synappears to act as a muscle-derived signal to increase aptic boutons. Analysis of loop morphology and apparent loop dynamics suggests that rearrangement of these nerve-terminal branching. flexin-induced branching is 
